Experiments were conducted with soybean (Glycine max [L.] Merr. cv 'Ransom') plants to determine if diurnal rhythms in net carbon dioxide exchange rate (CER), stomatal resistance, and sucrose-phosphate synthase (SPS) activity persisted in constant environmental conditions (constant light, LL constant dark DD) and to assess the importance of these rhythms to the production of nonstructural carbohydrates (starch, sucrose, and hexose). Rhythms in CER, stomatal resistance, and SPS activity were observed in constant environmental conditions but the rhythms differed in period length, amplitude, and phase. The results indicated that these photosynthetic parameters are not controlled in a coordinated manner. The activity of UDPG pyrophosphorylase, another enzyme involved in sucrose formation, did not fluctuate rhythmically in constant conditions but increased with time in plants in LL. In LL, the rhythm in CER was correlated positively with fluctuations in total chlorophyll (r = 0.810) and chlorophyll a (r = 0.791) concentrations which suggested that changes in pigment concentration were associated with, but not necessarily the underlying mechanism of, the rhythm in photosynthetic rate. Assimilate export rate, net starch accumulation rate, and leaf sucrose concentration also fluctuated in constant light. No single photosynthetic parameter was closely correlated with fluctuations in assimilate export during LL thus, assimilate export may have been controlled by interactions among the endogenous rhythms in CER, SPS activity, or other metabolic factors which were not measured in the present study.
the light reactions, can be controlled by endogenous rhythms.
Recently, the activity of SPS,2 a key regulatory enzyme of sucrose formation (9, 10, 12) , was reported to change diurnally in soybean leaves (25) . The plants from which these observations were made had not been cultured nor measured in constant environmental conditions, so it is not known if the rhythm is endogenously controlled or attributable to some exogenous stimulus (i.e. light or temperature). Although the metabolic implications of rhythms in SPS activity and net CO2 fixation are not entirely clear at present, a synchronization (or lack thereof) between these rhythms could conceivably affect carbohydrate formation.
To determine if rhythms in SPS activity and net CO2 fixation are endogenously controlled and to assess the potential significance of these rhythms with respect to photosynthetic carbon metabolism, we have measured SPS activity, photosynthesis, and nonstructural carbohydrate formation in soybean source leaves during cyclical (light:dark cycles) and constant conditions. MATERIALS 'Ransom') were sown in a soil:gravel mixture (5) and cultured in controlled environment chambers of the Southeastern Plant Environment Laboratory (NCSU Phytotron). Plants were watered daily and were supplied nutrient solution (5) each afternoon. Plants were maintained under a LD regime until transferred to constant conditions. Photosynthetic photon flux density at the soil surface was about 700 uE. m-2 . s'.Chamber air temperature was maintained at 26 .0 ± 0.5C throughout the experiment. CO2 concentration was maintained at 350 ± 25 WA/l in the chambers and RH was about 75 ± 5% throughout the experiment. The experiment was initiated when the third trifoliolate leaf (numbered acropetally) on the main stem was fully expanded. For Leaf Starch and Chl Analysis. After determination of the CER and stomatal resistance, three 0.5-cm2 punches were removed and placed in 80% (w/v) ethanol at -20°C. Leaf starch was extracted from the punches and quantified as described previously (14) . Total Chl and Chl a concentrations in ethanol extracts of the leaf punches were determined by the method of Wintermans and DeMots (31) .
SPS Activity, UDPG Pyrophosphorylase Activity, and Soluble Carbohydrate Analysis. Leaves were harvested immediately after collection of the leaf punches, frozen on dry ice, and stored at -80°C prior to analysis. Leaf extracts were prepared and SPS and UDPG pyrophosphorylase activities were measured as described previously (25) . Immediately after extraction, a 200-j1A aliquot of the extract was diluted to 1 ml with water, boiled for 1 min, and precipitated material was collected by centrifugation.
Sucrose and hexoses (glucose, fructose, G6P, and fructose-6-phosphate) were measured in an aliquot taken from the supernatant fraction by a method similar to that described by Jones et al. (13) . The Stomatal Resistance. As with CER, stomatal resistance varied during LD with stomatal resistance being substantially higher during the dark portion of LD than during the light portion of LD. Fluctuations in stomatal resistance persisted in LL, as well as in DD (Fig. 3) . The period ofthe rhythm in stomatal resistance was distinctly longer than that of the CER rhythm, as peaks in stomatal resistance during LL and DD were approximately 24 h apart. Although the period of the rhythms in LL and DD were similar, the amplitude of the rhythm in stomatal resistance was substantially greater in DD than in LL.
Enzymes of Sucrose Biosynthesis. The activity of two enzymes that catalyze reactions of sucrose biosynthesis, SPS and UDPG pyrophosphorylase, were observed to change during the course of this investigation but in distinctly different patterns. The activity of SPS fluctuated in LD, LL, and DD with periods of approximately 24 h in LD and 12 h in LL and DD (Fig. 4, A  and B) . The amplitude of the rhythms in LL and DD were not different; however, the rhythms were not in phase.
In contrast to the observed changes in SPS activity, the activity of UDPG pyrophosphorylase was not rhythmic in constant conditions (Fig. 5) h after transfer to DD.
As with changes in starch concentration during LD, the concentrations of sucrose and hexoses increased during the light period and declined during the dark period (Fig. 7, A pronounced decrease occurring during the second (36-48 h) 12-h period (Fig. 7A) . Sucrose concentration increased in an irregular manner throughout the remainder of time in LL. Hexose concentration was not constant during LL either, with a peak occurring about 16 h after the plants were transferred to LL (Fig.  7A) . Thereafter, hexose concentration decreased to about 0.5 mg/g fresh weight and remained essentially constant during the remaining time in LL. Sucrose concentration decreassed during the first 6 h in D (Fig. 7B) ; thereafter, both sucrose and hexose concentrations remained essentially unchanged in extended darkness.
Rates of assimilate export and net starch accumulation were calculated using data collected during the light portion of LD and throughout LL. Both parameters changed appreciably throughout the light portion of LD and in LL (Fig. 8, A and B) . The first two peaks in assimilate epxort occurred about 12 h apart, but peaks in export during the remainder ofthe experiment did not occur with any discernible regularity (Fig. 8A) accumulation did not exhibit any discernible regularity during the remaining portion of LL, but the data indicated that there were intervals in which little or no starch accumulation occurred (Fig. 8B) (Figs. 1, 3, and 4) and each rhythm displayed distinct properties. For example, the rhythm in stomatal resistance had a period of about 24 h and, accordingly, may be classified as being circadian. However, the rhythms in CER and SPS activity in continuous conditions had periods that were markedly shorter ( 12-15 h) . Additional differences in the rhythms were observed in that the amplitude of the rhythm in CER was dampened considerably during LL, whereas the amplitude ofthe rhythm in SPS activity remained unchanged in either LL or DD. Finally, the rhythms in SPS activity and stomatal resistance were out of phase with the rhythm in CER throughout the time in LL. The different properties of the rhythms clearly suggest that the rhythms were regulated by separate mechanisms.
Circadian rhythms in CO2 fixation by higher plants have been reported previously (2, 19, 20) ; however, there does not appear to be a common biochemical mechanism controlling the rhythm in CO2 uptake in these species. Rhythms in Chl a content and stomatal aperture have been suggested to control the rhythm in CO2 fixation in Chenopodium rubrum (2) and Arachis hypogaea (20) , respectively. An endogenous rhythm in CO2 fixation has been reported in soybean (19) and although no underlying mechanism was proposed more recent evidence suggests that rhythms in whole chain electron flow could regulate CO2 fixation in soybean (16) . It should be noted that the rhythm in CER in the present study had a period of 12 to 15 h while the rhythm in whole chain electron flow in isolated soybean thylakoid membranes has been reported to be about 24 h (16). The differences in the periods of the two rhythms might be attributed to the use of different environmental conditions (e.g. photoperiod) in the two investigations, prior to transfer to LL, or might reflect cultivar differences within this species in the expression of the rhythm in photosynthesis. In the present study, CER was correlated positively with total Chl (r = 0. 8 10) and Chl a (r = 0.791) concentrations bud not with stomatal resistance (data not presented). These results do not establish a causal relation between Chl concentration and CER, but nervertheless, are consistent with results which characterize rhythms in photosynthesis and Chl content in Chenopodium (2) .
To our knowledge, the results of the present investigation provide the first evidence that the activity ofSPS, a key regulatory enzyme of sucrose biosynthesis (9, 10, 12) , is controlled by an endogenous rhythm (Fig. 4) . The activity of SPS fluctuated in LD with a period of about 24 h (Fig. 4, A and B) and the rhythm persisted after transfer to LL and DD with a period of approximately 12 h under both sets of constant conditions. The mechanism responsible for there being a period of about (Figs. 4A and 7A ). Changes in CER and SPS activity were qualitatively similar to those observed in assimilate export rate during certain periods, while at other times, changes in these parameters were not in phase. Thus, the enzymic capacity for sucrose formation and net photosynthesisdo not appear to be solely responsible for the observed changes in assimilate export. It is possible that other parameters not measured in this study interacted with the rhythms in SPS activity and CER to bring about the observed rhythm in assimilate export rate. For example, G6P is an activator of spinach leaf SPS (12) and cytosolic G6P has been shown to vary with photosynthetic rate in spinach leaves (27) . In addition, the cytoplasmic concentrations of key regulatory metabolites such as fructose 2,6-bisphosphate and Pi could fluctuate as photosynthetic rates change (28) . Thus, the metabolic control of sucrose synthesis in situ may interact with the rhythms in the enzymic capacity for sucrose formation and net CO2 fixation to bring about the observed fluctuations in the formation and export of photosynthate. Nonstructural carbohydrate formation is affected by environmental (9, 12) , nutritional (9, 10, 12, 14) , and genetic (9, 14) factors. Alterations in endogenous rhythms of photosynthesis and SPS activity may be important factors in the regulation of photosynthetic carbon metabolism in these systems. 
